Abstract Malaria remains a major public health problem due to the emergence and spread of Plasmodium falciparum strains resistant to chloroquine. There is an urgent need to investigate new and effective sources of antimalarial drugs. This research proposed a novel method of fern-mediated synthesis of silver nanoparticles (AgNP) using a cheap plant extract of Pteridium aquilinum, acting as a reducing and capping agent. AgNP were characterized by UV-vis spectrophotometry, Fourier transform infrared (FTIR) spectroscopy, energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). Phytochemical analysis of P. aquilinum leaf extract revealed the presence of phenols, alkaloids, tannins, flavonoids, proteins, carbohydrates, saponins, glycosides, steroids, and triterpenoids. LC/MS analysis identified at least 19 compounds, namely pterosin, hydroquinone, hydroxy-acetophenone, hydroxy-cinnamic acid, 5, 7-dihydroxy-4-methyl coumarin, trans-cinnamic acid, apiole, quercetin 3-glucoside, hydroxy-L-proline, hypaphorine, khellol glucoside, umbelliferose, violaxanthin, ergotamine tartrate, palmatine chloride, deacylgymnemic acid, methyl laurate, and palmitoyl acetate. In DPPH scavenging assays, the IC 50 value of the P. aquilinum leaf extract was 10.04 μg/ml, while IC 50 of BHT and rutin were 7.93 and 6.35 μg/ml. In mosquitocidal assays, LC 50 of P. aquilinum leaf extract against Anopheles stephensi larvae and pupae were 220.44 ppm (larva I), 254.12 ppm (II), 302.32 ppm (III), 395.12 ppm (IV), and 502.20 ppm (pupa). LC 50 of P. aquilinum-synthesized AgNP were 7.48 ppm (I), 10.68 ppm (II), 13.77 ppm (III), 18.45 ppm (IV), and 31.51 ppm (pupa). In the field, the application of P. aquilinum extract and AgNP (10×LC 50 ) led to 100 % larval reduction after 72 h. Both the P. aquilinum extract and AgNP reduced longevity and fecundity of An. stephensi adults. Smoke toxicity experiments conducted against An. stephensi adults showed that P. aquilinum leaf-, stem-, and root-based coils evoked mortality rates comparable to the permethrin-based positive control (57, 50, 41, and 49 %, respectively). Furthermore, the antiplasmodial activity of P. aquilinum leaf extract and green-synthesized AgNP was evaluated against CQ-resistant (CQ-r) and CQ-sensitive (CQ-s) strains of P. falciparum. IC 50 of P. aquilinum were 62.04 μg/ml (CQ-s) and 71.16 μg/ml (CQ-r); P. aquilinum-synthesized AgNP achieved IC 50 of 78.12 μg/ml (CQ-s) and 88.34 μg/ml (CQ-r). Overall, our results highlighted that fern-synthesized AgNP could be candidated as a new tool against chloroquine-resistant P. falciparum and different developmental instars of its primary vector An. stephensi. Further research on nanosynthesis routed by the LC/MS-identified constituents is ongoing.
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Among the phytochemicals, phenolics or polyphenols, including flavonoids, have received a great deal of attention for their antioxidant, antimutagenic, and antitumor activities (e.g., Tsuda et al. 1994; Zhou and Yu 2006; Othman et al. 2007 ). Furthermore, many plant extracts rich in antioxidants have been reported as effective against different species of mosquito vectors, acting as ovicides (Benelli 2015b) , larvicides, and pupicides (Amer and Mehlhorn 2006a, b; Pavela 2015) , adulticides (Panneerselvam and Murugan 2013) , oviposition deterrents , growth and/or reproduction inhibitors, and/or adult repellents (Amer and Mehlhorn 2006c, d; Rajkumar and Jebanesan 2008) . Antioxidant phytochemicals protect our cells from damage caused by free radicals. Among them, alkaloids, saponins, anthraquinones, tannins, and flavonoids are important scavengers, acting as antioxidants against free radicals (Olayiwola et al. 2004; Omoregie and Osagie 2007; Pal et al. 2009 ). The antioxidant activity is important in malaria treatment since oxidative stress normally follows malaria infection. This is due to elevated production of reactive oxygen species (Griffiths et al. 2001; Muller et al. 2004) .
Pteridium aquilinum L. Kuhn (Dennstaedtiaceae), also known as bracken fern, is a cosmopolitan species with worldwide distribution (USDA 2006) . P. aquilinum has bifacial hypostomatal leaves, with stomata only on abaxial side. Leaves of the herb are used externally as painkiller and as herbal additives in traditional preparation of alcoholic beverages. Tender leaves are used as vegetables by some rural communities of Assam. It contains a wide range of secondary plant compounds, including sesquiterpenoids, tannins, and phenolic acids (Cooper-Driver 1976; Potter and Baird 2000; Kardong et al. 2013) . Chen et al. (2013) investigated a novel homoflavanol derivative with a cyclopentene-polyol ester substituent on B ring together with two known flavonoids kaempferol and quercetin. The hydroxyl radical scavenging activity of P. aquilinum-derived oligosaccharides was also investigated (Wang and Wu 2013) . These phytochemicals may also have a mosquitocidal potential. Concerning other insect pests, Josephrajkumar et al. (2000) recently observed the methanolic extracts of stems and roots of the silver fern, Cheilanthes farinosa incorporated into a semi-synthetic diet, significantly extended the larval period, reduced pupal weight and adversely affected pupation of the cotton bollworm, Helicoverpa armigera.
Nanotechnology has the potential to revolutionize a wide array of applications in the fields of catalysis, sensors, optoelectronics, magnetic devices, drug delivery, antimicrobials, pest management and parasitology (Scrinis and Lyons 2007; Haverkamp 2010; Benelli 2016) . The plant-mediated biosynthesis (green synthesis) of nanoparticles is advantageous over chemical and physical methods, since it is cheap, single-step, does not require high pressure, energy, temperature, and the use of highly toxic chemicals (Sinha et al. 2009 ). The use of plant-borne products has been candidated as an effective and eco-friendly method for the biosynthesis of nanoparticles (Bhattacharya and Gupta 2005) . Plant phytochemicals such as polyphenols, flavonoids, triterpenes, tannins, glycosides, vitamins, proteins, and steroids can be used for single-step reduction of metal ions to nanoparticles, ensuring good control over size distribution and crystallinity of the nanoparticles (Shankar et al. 2004) . In this scenario, a growing number of plants have been successfully tested for efficient and rapid extracellular synthesis of nanoparticles with excellent insecticidal properties against insect pests of medical and veterinary importance Roni et al. 2015; Suresh et al. 2015; Benelli 2016) .
In this study, we shed light on the phyotochemicals present in the P. aquilinum leaf extract, using LC/MS analyses. Furthermore, we proposed a novel method of biosynthesis of silver nanoparticles (AgNP) using the P. aquilinum leaf extract as reducing and stabilizing agent. AgNP were characterized by UV-vis spectrophotometry, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). We investigated the mosquitocidal properties of the P. aquilinum extract and green-synthesized AgNP against young instars of the malaria vector Anopheles stephensi, both in laboratory and field experiments. We also evaluated the impact of P. aquilinum extract and greensynthesized AgNP on longevity and fecundity of An. stephensi. The smoke toxicity of herbal coils prepared using different parts of P. aquilinum on An. stephensi adults was studied. Lastly, the antiplasmodial activity of P. aquilinum leaf extract and AgNP was evaluated against CQ-resistant (CQ-r) and CQ-sensitive (CQ-s) strains of the malaria parasite Plasmodium falciparum.
Materials and methods

Plant material
P. aquilinum was collected from Valparai, Pollachi, Tamil Nadu, India (10°19′ 33.2″ N, 76°56′ 49.6″ E). P. aquilinum leaves were washed with tap water and shade-dried at room temperature. Dried plant material was powdered using an electrical blender; 500 g of the powder was macerated in 1.5 l of ethanol for 72 h. The crude plant extract was concentrated at reduced temperature using a rotary evaporator and stored at 22°C. One gram of the plant residue was dissolved in 100 ml of acetone (fixative agent to separate the aqueous impurities altering the chemical composition of plant crude extract) and considered as 1 % stock solution. From this stock solution, experimental concentrations were prepared.
Phytochemical screening and LC-MS analysis
The ethanol extract of P. aquilinum was subjected to preliminary screening of phytochemical analysis and the components in each extract were identified using standard procedures as described by Harborne and Harborne (1998) . Qualitative studies were carried out to identify the presence of phenolics, alkaloids, tannins, flavonoids, proteins, carbohydrates, saponins, glycosides, steroids, and triterpenoids. Chromatographic separation was carried out by injecting 10 μl of the filtered sample to the manual injector using a microsyringe (20 μl, Shimadzu) at a flow rate of 2 ml/min. The mobile phase used was water: methanol (50:50) in an isocratic mode. The column used was RP-C-18 (phenomenex) with a dimension of 25 cm×2.5 mm, and the pump type was SPD 10 AVP. The ionization mode was found to be atmospheric pressure chemical method of both positive and negative mode. The temperature of the column was fixed at 250°C. The analyses were conducted in the negative ion mode under the following conditions: dry gas (nitrogen), nebulizer pressure = 30 psi, drying gas temperature = 250°C, capillary voltage 2500 V, fragmentor voltage = 100 V, and mass range 50-800. LC detection was carried out at 254 nm. The separated compounds were then ionized using APCI method and using the split mode (50:50). The flow rate was maintained at 2 ml/min. The classes VP integration software were used for the data analysis.
DPPH radical scavenging assay
The antioxidant activity of the ethanol extract was determined in terms of hydrogen donating or radical scavenging ability using the stable radical DPPH, according to the method by Blois (1958) . Sample extract at various concentrations were taken, and the volume was adjusted to 100 μL with methanol. About 5 ml of a 0.1 mM methanolic solution of DPPH was added to the aliquots of samples, and BHT and rutin were used as standards. Negative control was prepared by adding 100 μl of methanol in 5 ml of 0.1 mM methanolic solution of DPPH. The tubes were allowed to stand for 20 min at 27°C. The absorbance of the sample was measured at 517 nm against the blank (methanol). Radical scavenging activity of the samples was expressed as IC 50 values which are the concentration of the sample required to inhibit 50 % of DPPH concentration.
Biosynthesis and characterization of silver nanoparticles
The P. aquilinum aqueous leaf extract was prepared adding 10 g of washed and finely cut leaves in a 300-ml Erlenmeyer flask filled with 100 ml of sterilized double-distilled water and then boiling the mixture for 5 min, before finally decanting it. The extract was filtered using Whatman filter paper no. 1, stored at −4°C and tested within 5 days. The filtrate was treated with aqueous 1 mM AgNO 3 solution in an Erlenmeyer flask and incubated at room temperature. A brown-yellow solution indicated the formation of AgNP, since aqueous silver ions were reduced by the P. aquilinum extract generating stable AgNP in water. Silver nitrate was purchased from the Precision Scientific Co. (Coimbatore, India).
Green synthesis of AgNP was confirmed by sampling the reaction mixture at regular intervals, and the absorption maxima was scanned by UV-vis, at the wavelength of 200-800 nm in UV-3600 Shimadzu spectrophotometer at 1 nm resolution. Furthermore, the reaction mixture was subjected to centrifugation at 15,000 rpm for 20 min; resulting pellet was dissolved in deionized water and filtered through Millipore filter (0.45 μm). An aliquot of this filtrate containing AgNP was used for SEM, FTIR spectroscopy, XRD analysis, and EDX spectroscopy. The structure and composition of freeze-dried purified AgNP was analyzed by using a 10-kV ultrahigh-resolution scanning electron microscope with 25 μl of sample sputter coated on copper stub, and the images of AgNP were studied using a FEI QUANTA-200 SEM. The surface groups of the AgNP were qualitatively confirmed by FTIR spectroscopy (Stuart 2002) , with spectra recorded by a Perkin-Elmer Spectrum 2000 FTIR spectrophotometer. EDX assays confirmed the presence of metals in analyzed samples (Murugan et al. 2015a, b ).
An. stephensi rearing
The eggs of An. stephensi were collected from water reservoirs in Coimbatore (Tamil Nadu, India) using an BO^type brush. Batches of 100-110 eggs were transferred to 18 cm× 13 cm×4 cm enamel trays containing 500 ml of water, where eggs were allowed to hatch in laboratory conditions (27°C± 2°C and 75-85 % R.H.; 14:10 (L:D) photoperiod). An. stephensi larvae were fed daily with 5 g of ground dog biscuits (Pedigree, USA) and hydrolyzed yeast (Sigma-Aldrich, Germany) in a 3:1 ratio . Newly emerged larvae, pupae, and adults were collected and used in the experiments.
Larvicidal and pupicidal toxicity in laboratory conditions
Twenty-five An. stephensi larvae (I, II, III, or IV instar) or pupae were placed for 24 h in a glass beaker filled with 250 ml of dechlorinated water plus the desired concentration of P. aquilinum ethanol extract (100, 200, 300, 400, and 500 ppm) or green-synthesized AgNP (3.125, 6.25, 12.5, 25 , and 50 ppm). Larval food (0.5 mg) was provided for each tested concentration (Kovendan et al. 2012) . Each concentration was replicated five times against all instars. Control mosquitoes were exposed for 24 h to the corresponding concentration of the solvent. Percentage mortality was calculated as follows:
Percentage mortality ¼ number of dead individuals . number of treated individuals Â 100
Larvicidal assays in the field
Following the method by Suresh et al. (2015) , the P. aquilinum ethanol leaf extract or AgNP were applied in six external water storage reservoirs at the National Institute of Communicable Disease Centre (Coimbatore, India), using a knapsack sprayer (Private Limited 2008, Ignition Products, India). Pretreatment and posttreatment observations were conducted at 24, 48, and 72 h using a larval dipper. Toxicity was assessed against third-and fourth-instar larvae. Larvae were counted and identified to specific level. More than 94 % of all surveyed larvae belong to An. stephensi. Six trials were conducted for each test site with similar weather conditions (28±2°C; 80 % R.H.). The required quantity of mosquitocidal was calculated on the basis of the total surface area and volume (0.25 m 3 and 250 L); the required concentration was prepared using 10× LC 50 values (Murugan et al. 2003; Suresh et al. 2015) . Percentage reduction of the larval density was calculated using the formula:
where C is the total number of mosquitoes in the control and T is the total number of mosquitoes in the treatment:
Impact on longevity and fecundity of An. stephensi
Following the method by Roni et al. (2015) , An. stephensi males and females (10 h old) were exposed to 100, 200, 300, 400, and 500 ppm of P. aquilinum ethanol extract or to 3. 125, 6.25, 12.5, 25 , and 50 ppm of P. aquilinum-synthesized AgNP. Treatments were applied on Whatman n. 1 filter paper (size 12×15 cm) lining a glass holding tube (diameter 30 mm, length 60 mm) . Control filter paper was treated with the corresponding concentrations of the solvent or silver nitrate, respectively. No mortality was registered in controls. In each test, 20 An. stephensi were gently transferred into another glass holding tube. The mosquitoes were allowed to acclimatize in the tube for 1 h and then exposed to test tube lined with treated or control paper for 1 h. At the end of exposure period, the mosquitoes were transferred in chiffon cages (30×30 cm); a pad of cotton soaked with 10 % (w/v) glucose solution was provided. Treated females were stored until 3 days after their blood meal, and eggs were collected daily using small plastic bowls containing water kept as ovitraps in the cages. Mean fecundity was calculated by the number of eggs laid in ovitrap divided by number of females let to mate (n=20). Mortality was checked daily, and the mean lifespan of each adult mosquito was calculated .
Smoke toxicity assays against An. stephensi
Leaves of P. aquilinum were used to prepare herbal coils for smoke toxicity assays against An. stephensi. Coils were prepared as described by Suresh et al. (2015) , using 4 g of powdered leaves, 2 g of sawdust (binding material), and 2 g of coconut shell charcoal powder (burning material). The three materials were mixed with distilled water forming a semi-solid paste. Mosquito coils (0.6-cm thickness) were prepared from the semi-solid paste and then dried in the shade. Negative control coils were prepared following the same method, without adding P. aquilinum. Positive control was commercial permethrin-based coils . Following Murugan et al. (2015c) , experiments were conducted in a glass chamber measuring 140 cm × 120 cm×60 cm. A door measuring 60 cm×30 cm was situated at the front of the chamber. In each test, 100 adult female mosquitoes (age 5 days old, blood-starved for 3 days) were released into the chamber and were provided with a 10 % (w/v) sucrose solution. An immobilized pigeon with a shaven belly was tied inside the tightly closed chamber. Each pigeon was used only once. The experiment was repeated five times on five separate days for each treatment (i.e., P. aquilinumbased coil, positive and negative controls). All mosquitoes were exposed to the vapor of burning coils for 1 h. After each experiment, the number of fed and unfed (alive and dead) mosquitoes were counted. The protection provided by the smoke from the plant samples against biting An. stephensi was calculated in terms of percentage of unfed mosquitoes due to treatment:
Number of unfed mosquitoes in treatment-Number of unfed mosquito in negative control ð Þ=Number of treated mosquitoes ½ Â 100
In vitro cultivation of P. falciparum Following Murugan et al. (2015c, d) , CQ-sensitive strain 3D7 and CQ-resistant strain INDO of P. falciparum were used in in vitro blood stage culture to test the antimalarial efficacy of P. aquilinum extract and biosynthesized AgNP. The culture was maintained at G. Kuppusamy Naidu Memorial Hospital (Coimbatore, India). P. falciparum culture was maintained according to the method described by Trager and Jensen (1976) , with minor modifications. P. falciparum (3D7) cultures were maintained in fresh O +ve human erythrocytes suspended at 4 % hematocrit in RPMI 1640 (Sigma) containing 0.2 % sodium bicarbonate, 0.5 % albumax,45 μg/l hypoxanthine, and 50 μg/l gentamycin and incubated at 37°C under a gas mixture of 5 % O 2 , 5 % CO 2 , and 90 % N 2 . Every day, infected erythrocytes were transferred into a fresh complete medium to propagate the culture. For P. falciparum (INDO strain) in culture medium, albumax was replaced by 10 % pooled human serum.
Antiplasmodial assays
Control stock solutions of CQ were prepared in water (milli-Q grade). The tested extract and the AgNP suspension were prepared in dimethyl sulfoxide (DMSO). All stocks were diluted with culture medium to achieve the required concentrations. In all cases except CQ, the final solution contained 0.4 % DMSO (which was found to be non toxic to the parasite). Then, the leaf extract and AgNP were placed in 96-well flat-bottom tissue culture-grade plates.
The extract of P. aquilinum and AgNP were evaluated for antimalarial activity against P. falciparum strains 3D7 and INDO. For drug screening, SYBR green I-based fluorescence assay was used following the method by Smilkstein et al. (2004) and Murugan et al. (2015c, d) . Sorbitol-synchronized parasites were incubated under normal culture conditions at 2 % hematocrit and 1 % parasitemia in the absence or presence of increasing concentrations of the tested drugs. CQ was used as positive control. After 48 h of incubation, 100 μl of SYBR Green I solution {0.2 μl of 10,000 X SYBR Green I (Invitrogen)/ml} in lysis buffer [Tris (20 mM; pH 7.5), EDTA (5 mM), saponin (0.008 %; w/v), and Triton X-100 (0.08 %; v/v)] was added to each well and mixed gently twice with a multi-channel pipette and incubated in the dark at 37°C for 1 h. Fluorescence was measured with a Victor fluorescence multi-well plate reader (Perkin Elmer) with excitation and emission wavelength bands centered at 485 and 530 nm, respectively. The fluorescence counts were plotted against the drug concentration, and the 50 % inhibitory concentration (IC 50 ) was determined by an analysis of dose-response curves. Results were validated microscopically by the examination of Giemsa-stained smears of extract-treated parasite cultures (Bagavan et al. 2011; Murugan et al. 2015d ).
Data analysis
SPSS software package 16.0 version was used for all analyses. Data from DPPH radical scavenging assay and larvicidal and pupicidal experiments were analyzed by probit analysis, calculating LC 50 and LC 90 (Finney 1971) . Mosquito larval density data from field assays were analyzed using a two-way ANOVA with two factors (i.e., the mosquitocidal treatment and the elapsed time from treatment). Means were separated using Tukey's HSD test (P<0.05). Longevity and fecundity data were analyzed using two-way ANOVA with two factors, the treatment (i.e., plant extract or AgNP) and the dose. Means were separated using Tukey's HSD test (P<0.05). In herbal coil toxicity experiment, the number of fed, unfed, and dead mosquitoes were analyzed by a one-way ANOVA where the factor was the treatment (i.e., the coil). Means were separated using Tukey's HSD test (P<0.05). In antiplasmodial assays, values were expressed as percentage growth inhibition; the concentrations causing 50 % inhibition of parasite growth (IC 50 ) were calculated from the drug concentration-response curves.
Results and discussion
Phytochemical screening and LC-MS analysis
Phytochemical analysis of ethanol leaf extract of P. aquilinum revealed the presence of medicinally active constituents such as phenols, alkaloids, tannins, flavonoids, proteins, carbohydrates, saponins, glycosides, steroids, and triterpenoids (Table 1) . Similarly, Odoemena et al. (2002) reported the Afrofritomia sylvestris leaf contains alkaloids, flavonoids, cyanogenic glycosides, saponins, tannins, steroids, and terpenes. Later on, Ehimwenma and Osagie (2007) investigated the bioactive principles such as alkaloids, flavonoids, tannins, cardiac glycosides, anthraquinones, and saponins from leaves of Jatropha tanjorensis. Notably, several phytochemicals belonging to alkaloids, steroids, terpenoids, essential oils, and phenolics from different plants have been reported for their insecticidal activities (Shaalan et al. 2005 ). For instance, Vimaladevi et al. (2012) reported that the phenolic acids of seaweed Chaetomorpha antennina being responsible for the mosquitocidal activity against Aedes aegypti. Also, Rahuman et al. (2000) reported that n-hexadecanoic acid in Feronia limonia dried leaves was effective against fourth-instar larvae of Culex quinquefasciatus, An. stephensi, and Ae. aegypti. In our study, LC/MS analysis identified at least 19 compounds (Fig. 1) , namely pterosin, hydroquinone, hydroxy-acetophenone, hydroxy-cinnamic acid, 10-hydroxy-2decanoic acid, 5,7-dihydroxy-4-methyl coumarin, trans-cinnamic acid, apiole, quercetin 3-glucoside, hydroxy-L-proline, hypaphorine, khellol glucoside, umbelliferose, violaxanthin, ergotamine tartrate, palmatine chloride, deacylgymnemic acid, methyl laurate, and palmitoyl acetate (Table 2) . At variance with our results, Nwiloh et al. (2014) reported that GC-MS analysis of the essential oil from the fiddleheads of P. aquilinum showed the presence of 40 compounds that consisted mainly of alkanes (86.60 %), monoterpenes (3.20 %), and sesquiterpenes (2.40 %), respectively. Differences in the chemical composition may be attributed to the different modalities of extraction as well as to the occurrence of different chemotypes in several geographical locations and seasons at the time of collection (Runyoro et al. 2010 ).
DPPH radical scavenging activity
1,1-Diphenyl 1-2-picryl-hydrazyl (also known as DPPH) is a stable free radical, which has been widely used in phytomedicine for the assessment of scavenging activities of bioactive compounds from plants (Girennavar et al. 2007 ). Here, the DPPH radical scavenging activity was detected and compared with BHT and rutin. Table 3 showed the scavenging activity of the leaf extract of P. aquilinum, which was determined by using free radicals of DPPH. Rutin showed higher free radical scavenging activity (IC 50 =6.35) against DPPH radicals if compared to the synthetic antioxidant BHT (IC 50 =7.93). The P. aquilinum ethanol extract also showed good anti-DPPH activity (IC 50 =10.04). We believe that the antioxidant properties of the tested leaf extract may be linked with the beneficial effects reported for P. aquilinum-based preparation in traditional medicine. More generally, in latest years, a wide number of plants have been screened for DPPH radical scavenging activity. For instance, Arora et al. (2011) reported that Cucumis melo methanolic seed extract showed DPPH radical scavenging activity of 75.59 % at concentration of 300 μg/ml, while Singh et al. (2011) focused on the DPPH radical scavenging activity of the essential oil and different extracts of Mentha piperita.
Characterization of biosynthesized silver nanoparticles
When the Pteridium aquilinum leaf extract was mixed with silver nitrate aqueous solution, color changed from yellowish to brown due to reduction of Ag + ions to Ag 0 nanoparticles (Fig. 2a) . In UV-vis experiments, we found a sharp shift in peak maxima. Maximum absorption was at 420 nm after (Fig. 2b) . The surface plasmon peak of AgNP at 420 nm increases steadily as the reaction time increases, and the peak gets saturated after 120 min, indicating that silver nitrate is completely reduced Subramaniam et al. 2015; Dinesh et al. 2015 ). The color change over different time periods might be linked with the variation in concentration and size of nanoparticles. Consequently, absorbance peaks can be used as a tool to predict particle size and stability. Smaller AgNP will have an absorbance maximum around 420 nm, which increases with size and disappears when particle size falls outside nanodimensions. For instance, Raja et al. (2012) reported that the AgNP synthesized using leaf extracts of Prosopis juliflora showed surface plasmon absorption bands at 420 nm. Later on, Suresh et al. (2015) reported that the Phyllanthus niruri-
Negative mode
Positive mode mediated synthesis of AgNP evoked a maximum absorbance peak at 420 nm. XRD analysis of P. aquilinum-synthesized AgNP revealed that the diffraction pattern corresponded to the lattices of crystalline AgNP (Fig. 3) . The intense peaks corresponded to (111), (200), and (220) Bragg reflection based on the facecentered crystalline structure of AgNP. On this basis, the XRD pattern highlighted that P. aquilinum-synthesized AgNP were crystalline in nature. In agreement with our results, Gong et al. (2007) also noted that Fe 3 O 4 @Ag nanoparticles showed XRD peaks at 2θ=7.9°, 11.4°, 17.8°, 30.38°, and 44°which correspond to the (111), (200), and (220) facets of the facecentred cubic crystal structure. Sathyavathi et al. (2010) reported diffraction peaks at 44.50°, 52.20°, and 76.7°2θ, which correspond to the (111), (200), and (220) facets of the facecentered cubic crystal structure. Our XRD data also suggest that crystallization of the bioorganic phase occurs on the surface of AgNP (Krishnaraj et al. 2010) . Figure 4 shows the FTIR spectrum of the aqueous suspension containing AgNP biosynthesized using the P. aquilinum 3533, 3006, 2829, 2148, 1709, 1425, 1360, 1221, 1090, 904, 756, 533, and 454 cm −1 . The band at 2829 cm −1 probably corresponds to alkynyl C=C stretch. The strong signal at 1709 cm −1 corresponds to amide C=O stretch arising due to carbonyl stretch in proteins. These peaks also indicate that the carbonyl groups from amino acid residues may be involved as Bcapping^agents preventing the agglomeration of AgNP, thereby stabilizing the medium (Basavaraja et al. 2008; Sathyavathi et al. 2010) . Moreover, the band at 1425 cm −1 is probably linked with C-N stretching of aliphatic amines. The presence of peak at 3416 cm −1 could be also ascribed to O-H groups from polyphenols, proteins, enzymes, and/or polysaccharides (Susanto et al. 2009 ). However, Thilagam et al. (2013) also reported a major peak at 3417 cm −1 , assigned to O-H stretching and H-bonded stretching with respective functional groups of alcohols and phenols. The peaks at 1027-1092 cm −1 may be connected with C-N stretching vibration of aliphatic amines or to alcohols/phenols, representing the presence of polyphenols (Song et al. 2009 ). Overall, FTIR highlighted that alkaloids, flavonoids, phenols, proteins, carbohydrates, saponins, tannins, and glycosides may be responsible for reduction and stabilization of P. aquilinumsynthesized AgNP. It is known that the shape of metal nanoparticles considerably change their optical and electronic properties (Xu and Käll 2002) . SEM shows that the AgNP biosynthesized using the leaf extract of P. aquilinum were mostly spherical in shape with the size measured at 35-65 nm (Fig. 5) . We observed that these BcappedÂ gNP were polydispersed and stable in solution for at least 8 weeks. In agreement with our results, Ankanna et al. (2010) reported the biogenic silver nanoparticles produced using Boswellia ovalifoliolata stem bark were well-dispersed and with a mean size of 30-40 nm. The EDX pattern showed the chemical composition of P. aquilinum-synthesized AgNP (Fig. 6) . It shows the presence of pure silver and other elements confirming the biosynthesis of AgNP (see also Ali et al. 2011) . The sharp optical absorption band peak at 3 keV is a typical absorption range of metallic silver nanocrystallites (Magudapathy et al. 2001; Fayaz et al. 2010; Kaviya et al. 2011) . Furthermore, the weak signals are likely to be due to X-ray emission from proteins/ enzymes present in the P. aquilinum leaf extract. Indeed, it has been recently reported that AgNP synthesized using plant Fig. 4 FTIR spectrum of silver nanoparticles biosynthesized using the Pteridium aquilinum leaf extract Fig. 5 SEM micrograph showing the morphological characteristics of silver nanoparticles synthesized using leaves of Pteridium aquilinum leaf extract extracts are often surrounded by a thin layer of Bcappingô rganic material from the plant leaf extract that play a key role in stabilizing AgNP over time Suresh et al. 2015) .
Larvicidal and pupicidal toxicity against An. stephensi in laboratory
In laboratory conditions, the ethanol leaf extract of P. aquilinum showed high toxicity against larvae and pupae of An. stephensi. A dose-dependent effect was found, in agreement with previous evidences on other plant extracts (Panneerselvam et al. 2013a, b; Benelli et al. 2015; Roni et al. 2015) . LC 50 values of P. aquilinum were 220.44 ppm (larva I), 254.12 ppm (II), 302.32 ppm (III), 395.12 ppm (IV), and 502.20 ppm (pupa) ( Table 4 ). The larvicidal activity of the leaf extract of P. aquilinum may be linked with the presence of the botanical compounds identified by LC/MS analysis, which primarily affect the midgut epithelium and secondarily affect the gastric caeca and the malpighian tubules in mosquito larvae (David et al. 2000) . Notably, Selvaraj et al. (2005) reported α-and β-ecdysones from P. aquilinum showed good insecticidal activity against two major agricultural insect pests, Helicoverpa armigera and Spodoptera litura. Furthermore, it has been elucidated that several antibacterial agents from the extracts of P. aquilinum inhibited nucleic acid, protein, and membrane phospholipid biosynthesis (Franklin et al. 1989) .
P. aquilinum-synthesized AgNP were highly toxic against An. stephensi larvae and pupae, with LC 50 of 7.48 ppm (larva I), 10.68 ppm (II), 13.77 ppm (III), 18.45 ppm (IV), and 31.51 ppm (pupae) ( Table 5) . Recently, a growing number of green-synthesized AgNP showed comparable larvicidal and pupicidal toxicity against different mosquito vectors (e.g., Sujitha et al. 2015; Madhiyazhagan et al. 2015; Murugan et al. 2015d ; see Benelli 2016 for a review). For instance, Murugan et al. (2015e) observed the larvicidal activity of AgNP synthesized from the leaf extract of Datura metel against An. stephensi, with LC 50 values of 2.969 ppm (I), Fig. 6 EDX spectrum of silver nanoparticles biosynthesized using the Pteridium aquilinum leaf extract No mortality was observed in the control LC 50 lethal concentration (ppm) that kills 50 % of the exposed organisms, LC 90 lethal concentration (ppm) that kills 90 % of the exposed organisms, χ 2 chi-squared value, df degrees of freedom, n.s. not significant (α=0.05) 3.665 ppm (II), 4.288 ppm (III), 5.325 ppm (IV), and 6.755 ppm (pupae). Also, Aristolochia indica-synthesized AgNP showed LC 50 ranging from 3.94 (I) to 15.65 ppm (pupae) toward An. stephensi (Murugan et al. 2015f ). The larvicidal potential of AgNP may be linked to structural deformation evoked by nanoparticles on DNA and digestive tract enzymes, as well as to generation of reactive oxygen species (Feng et al. 2000; Patil et al. 2012) . Their broad larvicidal spectrum may also be due to synergistic combination of AgNP and plant-borne capping agents, which adhere to elemental silver during reduction and stabilization of AgNP (Naik et al. 2002; Kemp et al. 2009 ).
Impact on mosquito longevity and fecundity
A single treatment with P. aquilinum extract and P. aquilinumsynthesized AgNP was able to reduce adult longevity and fecundity of An. stephensi (Table 6 ). Longevity was reduced to 10.86 days after treatment at 500 ppm concentration of aqueous extract of P. aquilinum, whereas control was 21.44 days. Female fecundity was also highly reduced after the treatment with P. aquilinum extract and P. aquilinum-synthesized AgNP; 145 eggs were recorded in control while the eggs recorded in treatments were 130. 00, 110.24, 98.06, 84.18, and 66.10 eggs at 3.125, 6.25, 12.5, 25 , and 50 ppm, respectively (Table 6 ). In agreement with our results, Kumar et al. (2012) have reported a reduction in adult longevity (4.2 in male and 11.7 in female at 10 ppm) in An. stephensi after the treatment with AgNP synthesized using Annona squamosa. Later on, Roni et al. (2015) reported a reduction of adult longevity (7.16 in male and 19.48 in female) in Ae. aegypti after the treatment with H. musciformis-synthesized AgNP. Moreover, a reduction of adult longevity and fecundity was reported for mosquito vectros An. stephensi and C. quinquefasciatus treated with Bacillus sphaericus (GR strain) (Makowski 1993; Subbiah and Tyagi 2002; . 2013) . Further research on the mechanism(s) involved in longevity and fecundity reduction of mosquito exposed to sub-lethal doses is required.
Smoke toxicity of P. aquilinum-based coils against An. stephensi Table 7 summarizes the results of smoke toxicity experiments conducted using P. aquilinum coils against the An. stephensi biting activity. After the treatment with the leaf-, stem-, and root-based coils, mean percentages of unfed mosquitoes were 57, 50, and 41 %, respectively. Mortality was slightly higher in the positive control.
In agreement with our experiments, after a single treatment with the leaf-, stem-, and root-based coils prepared using Phyllanthus niruri, the percentages of unfed mosquitoes was 58, 40, and 61 % . Later on, Murugan et al. (2015c) showed that Senna occidentalis and Ocimum basilicum coils evoked mortality rates comparable to the pyrethrin-based positive control (38, 52, and 42 %, respectively). Murugan et al. (2015d) also highlighted the concrete potential to produce mosquitocidal coils against An. stephensi using the seaweed Ulva lactuca as burning material. Similarly, Murugan et al. (2007) showed that Albizzia amara coils were more effective over O. basilicum ones against the dengue vector Ae. aegypti. In this study, the mosquito adults exposed to P. aquilinum smoke oviposited fewer eggs (data not shown), and this also substantiate our hypothesis that some fern-borne compounds were able to reduce mosquito fecundity. The smoke toxicity against Anopheles vectors is probably due to the presence of active compounds from the different plant parts, which are toxic for the central nervous system, producing the knockdown effect (Abirami and Murugan 2011) .
Larvicidal and pupicidal toxicity against An. stephensi in the field
In the field, the application of P. aquilinum leaf extract and P. aquilinum-synthesized AgNP (10×LC 50 ) in water storage reservoirs led to the complete elimination of larval populations of An. stephensi after 72 h (Table 8) . These results demonstrate that P. aquilinum extract and the green-synthesized AgNP may be useful candidates to reduce larval populations of mosquito vectors in rural areas of the world. Indeed, plant extracts are often inexpensive, easy to prepare and very effective against Culicidae. For instance, Panneerselvam et al. (2013a) reported that the leaf extract of Euphorbia hirta was highly effective in field trials against An. stephensi, as it led to larval density reductions of 13.17, 37.64, and 84.00 % after 24, 48, and 72 h, respectively. Recently, Suresh et al. (2015) reported that the field application of P. niruri extract (10×LC 50 ) lead to Ae. aegypti larval reduction of 39.9, 69.2, and 100 %, after 24, 48, and 72 h, respectively. The biotoxicity of these botanical preparations might be due to the thin oily layer of constituents with little polarity, which spread on the water surface cutting oxygen supply to mosquito larvae. In addition, a number of plant-borne compounds dissolve into the water and penetrate into the larvae through the respiratory tubes or cuticle, killing them by suffocation and/or poisoning (Vahitha et al. 2002) . For P. aquilinum-synthesized AgNP, we hypothesize that the high mortality rates exerted against An. stephensi may be due to the small size of AgNP, which allows them to pass through the insect cuticle and even into individual cells, where they interfere with molting and other physiological processes Murugan et al. 2015e, f; Subramaniam et al. 2015) . The reported mode of action for insecticidal activity of nanosilica is through desiccation of insect cuticle by physicosorption of lipid and is also expected to cause damage in the cell membrane, resulting in cell lysis and death of the insects (Tiwari and Behari 2009 ).
Antiplasmodial assays
In antiplasmodial assays, the P. aquilinum leaf extract and fern-synthesized AgNP showed higher inhibition activity against P. falciparum when compared to chloroquine. P. aquilinum IC 50 were 62.04 μg/ml (CQ-s) and 71.16 μg/ml (CQ-r), while P. aquilinum-synthesized AgNP IC 50 were 78.12 μg/ml (CQ-s) and 88.34 μg/ml (CQ-r). IC 50 achieved by chloroquine were 85.00 μg/ml (CQ-s) and 90.00 μg/ml (CQ-r) (Fig. 7) . In agreement with our findings, El Tahir et al. (1999) reported that the methanolic extract of Annona squamosa leaves showed high anti-plasmodial activity with IC 50 values of 2 and 30 μg/ml against CQ-sensitive strain 3D7 and CQ-resistant strain Dd2 of P. falciparum. Furthermore, Kamaraj et al. (2012) showed that the leaf extract of Eclipta prostrata exerted antiplasmodial activity against P. falciparum with the IC 50 value of 30 μg/ml. Recently, Murugan et al. (2015c) studied that the antiplasmodial activity of S. occidentalis and O. basilicum against CQ-r and CQ-s strains of P. falciparum; IC 50 of S. occidentalis were 48.80 μg/ml (CQ-s) and 54.28 μg/ml (CQ-r), while O. basilicum IC 50 were 68.14 μg/ml (CQ-s) and 67.27 μg/ml (CQ-r).
To the best of our knowledge, the antiplasmodial activity of green-synthesized metal nanoparticles has been scarcely studied. Recently, Rajakumar et al. (2015) focused on the antiplasmodial activity of palladium nanoparticles biosynthesized using the leaf aqueous extract of E. prostrata against a NK65 strain of Plasmodium berghei in Swiss albino mice; E. prostrata aqueous leaf extract, palladium acetate, and synthesized palladium nanoparticles showed IC 50 values of 4.49, 9.84, and 23.04 mg/kg/body weight. Later on, Murugan et al. (2015d) reported that antiplasmodial activity of seaweed-synthesized AgNP against CQ-r and CQ-s strains of P. falciparum, IC 50 of U. lactuca extract were 57.26 μg/ml (CQ-s) and 66.36 μg/ml (CQ-r), while U. lactuca-synthesized AgNP IC 50 were 76.33 μg/ml (CQ-s) and 79.13 μg/ml (CQ-r) (Murugan et al. 2015d ). The antiplasmodial activity of plant extracts and related nano-formulations may be due to the presence of bioactive chemicals which might confer protective properties against oxidative stress induced in the host parasitized red blood cells by malarial parasites (Becker et al. 2004; Nethengwe et al. 2012) . Moreover, the effectiveness of fernbased treatments might be linked with the inhibition of P. falciparum merozoite invasion into erythrocytes (Adams et al. 2005) , as well as by inhibition of haemozoin biocrystallization by plant-borne alkaloids (Dubar et al. 2011) . The inhibition of protein synthesis by triterpenoids may also be involved (Kirby et al. 1989) . Further research on these mechanisms is ongoing.
Conclusions
Currently, there is an urgent need to investigate new and effective sources of antimalarial drugs. This study sheds light on the chemical constituents of P. aquilinum leaf extract. Plant metabolites showed good antioxidant activity and has been proposed for single-step and effective synthesis of mosquitocidal AgNP. Biosynthesized AgNP are highly toxic against the young instars of the malaria vector An. stephensi, and reduced fecundity and longevity of mosquito adults. Chloroquine-sensitive strain Chloroquine-resistant strain Fig. 7 Growth inhibition of chloroquine-sensitive (grey columns) and chloroquineresistant (black columns) strains of Plasmodium falciparum posttreatment with chloroquine, Pteridium aquilinum leaf extract, or green-synthesized silver nanoparticles
Notably, both the fern extract and AgNP were able to inhibit the growth of CQ-r and CQ-s strains of P. falciparum, with IC 50 values lower than chloroquine. Overall, our study showed that the P. aquilinum extract could be considered as an alternative source of drugs for the malaria treatment in tropical and subtropical areas of the world. P. aquilinum-synthesized AgNP can be a cheap and valuable tool in the fight against mosquito vectors in rural and marginalized areas of India.
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